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ABSTRACT:. The conformational stability of Shiga toxin B-subunit (STxB), a pentameric protein from
Shigella dysenteriabas been characterized by high sensitivity differential scanning calorimetry and circular
dichroism spectroscopy under different solvent conditions. It is shown that the thermal folding/unfolding
of STxB is a reversible process involving a highly cooperative transition between folded pentamer and
unfolded monomers. The conformational stability of STxB is pH dependent and because of its pentameric
nature is also concentration dependent. STxB is maximally stable in the pH range from AGupon
unfolding is close to 13 kcal per mol of monomer at°Z%), and its stability decreases both at lower and

at higher pH values. The pH dependence of the Gibbs energy of stabilization between pH 2.5 and 5 is
consistent with the change in the ionizable state of an average of four groups per monomer upon unfolding.
Structural thermodynamic calculations show that the stabilization of the STxB pentamer is primarily due
to the interactions established between monomers rather than intramonomer interactions. The folding of
an isolated monomer into the conformation existing in the pentamer is unfavorable and expected to be
characterized by a free-energy change upon folding in the order of 2.5 kcatl atoR5 °C. On the
average, intersubunit interaction induced upon oligomerization of folded monomers should contribute
close to—13.4 kcal per mol of monomer to bring the overall Gibbs energy to the experimentally determined
value at this temperature.

Shiga toxin—produced byShigella dysenteriaeand the Its specific cell-surface receptor is a glycosphingolipid called
related verotoxinsproduced by certain enterohemorrhagic globotriaosylceramide (Gp Thus, STxB monomers are
Escherichia colistrains—are proteins belonging to the AB  among the smallest known lectins. The toxieceptor
bacterial toxin family, which also comprises cholera and complex is internalized via clathrin-dependent and/or -in-
pertussis toxin and whose morphology consists of two dependent endocytosis, and STxB is then transported in a
noncovalently associated subunits, €). The A-subunit process involving membrane microdomains from the early
displays ribosomal RNA-glycanase activity responsible for  endosome to the ER, via tikans-Golgi network and Golgi
the inhibition of protein biosynthesis but is unable to enter apparatus, a pathway known as retrograde transge®)(
cells by itself. Toxin cell-surface recognition and internaliza- Transport to the ER is believed to be necessary for translo-
tion requires interaction with the B-subunit (STxBThis cation to the cytosol of the holotoxin to perform its biological
association does not alter the structure of the latter, and itfynction (10, 11). Alone, STxB has no toxic activity and is
seems that holotoxin and STxB alone bind to cells and are cyrrently used as a tool in research into intracellular transport
transported in essentially the same manr@r $TxB is a  pathways, namely, in the study of the retrograde transport
nonglycosylated homopentameric protein composed of mono-royte, and in the field of medicine, as a vector for immu-
mers of 69 residues (7.7 kDa), each with one disulfide bond. notherapeutic antitumor response, since a number of char-
acteristics predispose the molecule for use in antigen
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Ficure 1: Schematic representation of STxB primary, secondary, tertiary, and quaternary structure. Interaction between monomers mainly
occurs at thgg2—p6 interface. The three-dimensional presentation was made using PyMOL software (PDB 1DMO).

The conformational stability of STxB has not yet been MATERIALS AND METHODS
characterized. High-sensitivity differential scanning calo-
rimetry (DSC) is the technique of choice for the study of
the energetics associated with folding/unfolding reactions
involving proteins, leading to the thermodynamic charac-
terization of intermolecular recognition processes (i.e., oli- were of the highest purity available.

omerization processes), as well as intramolecular recogni- i . . .
g P ) ¢ Protein PreparationRecombinant STxB was purified as

tion events (i.e., monomer foldingl8—21). Here, DSC, ) ; )
together with circular dichroism (CD), was used to determine _descrlbed elsewher@@). Expression of recombinant STxB

the structural stability of STxB as a function of temperature, inserted in a pSU108 plasmid was induced by heat (4 h at

protein concentration, pH, and denaturant (Gdn-HCI) con- .42 C) in Escherichia coli The periplasmic fraction was

centration. The results clearly show that the heat-induced'SOI"’“.ed by osmotic shocl_< aﬁer sequential gxposuze of a
unfolding of STxB is a highly cooperative, two-state revers- growing bacterial suspension in sucrose solution (25% wiv)
ible process in which only folded pentamers and unfolded and water. After periplasmic extracts had been prepared, they

monomers are appreciably populated along the reaction. ‘o o loaded on a QHP chromatography column and eluted
PP y pop 9 " through a linear gradient in 20 mM Tris/HCI, pH 8.0.

Structural thermodynamic analyses based on the correla-g_sybunit-containing fractions were then reloaded on an
tions established between the structural and the energeticaffinity column prepared with the monoclonal antibody 13C4.
changes induced by inter- and intramolecular recognition protein samples were dialyzed overnight against 10 mM
processes22—25) allow one to dissect the different contri-  HEPES or phosphate buffer, pH 7.0. The purity of the
butions of the protein to the conformational stability. Such samples was checked by Tris/Tricine SBISAGE, and
calculations reveal that the stabilization of the STxB pen- protein concentrations were determined spectrophotometri-
tamer is due to interactions established between individual cally using an extinction coefficient value of 9500 vcm™1
subunits. The magnitude of these interactions overcomes theat 278 nm for the monomeg7).
unfavorable Gibbs free energy change upon monomer pifferential Scanning CalorimetnfDSC experiments were
folding. It has been shown that the conformational instability performed on a MicroCal MC-2D differential scanning
of folded monomers is due to the large entropy penalty microcalorimeter (MicroCal Inc., Northampton, MA) with
associated with the decrease in the conformational degreegel|l volumes of 1.22 mL as described previousdg)( All
of freedom of the both backbone and the side chains of the solutions were degassed by stirring under a vacuum prior to
protein upon folding, which is not compensated by the gain scanning. An overpressure of 2 atm of dry nitrogen was
in solvent-related entropy induced by the release of water always kept over the liquids in the cells throughout the scans.
molecules upon burial of hydrophobic surfaces and the The reversibility of the thermal transitions was checked by
favorable enthalpic contributions coming from the internal examining the reproducibility of the calorimetric trace in a
van der Waals and hydrogen bonding within the folded second heating of the sample immediately after cooling from
monomer. Structurally, the conformational instability of the first scan. The molar excess heat capacity curves obtained
isolated STxB monomers can be rationalized as being dueby normalization with the protein concentrations and volume
to exposure of the solvent to a large amount of apolar groupsof the calorimeter cell were smoothed and plotted using the
that only become buried upon oligomerization. Windows-based software package (ORIGIN) supplied by

Materials and ChemicalsChromatography columns were
from Amersham Biosciences. Gdn-HCI, HEPES, and Tris
buffer were purchased from ICN Biomedicals, Inc. Double-
distilled water was used throughout. All other reagents used
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MicroCal. Data were analyzed by nonlinear least-squares molar mass,Oqs is the ellipticity measured (degrees) at
fitting using the two-state folding/unfolding reaction coupled wavelengthl, | is the optical path length of the cell (dm),
to oligomerization model. This model corresponds to a and C; is the protein concentration (mol dd). For the
situation in which the oligomeric protein made up of identical thermal unfolding experiments, samples were heated in a

subunits obeys the following equilibrium:

N U 1)
]
= [Nn]lln (2)

where [N)] and [U] represent the concentration of folded

oligomer and unfolded monomer, respectively, arid the
number of dissociable subunits.dfis the fraction of protein
in the denatured state and {1a) is the fraction of protein
in the native state, then

C(1—
N, = aldza) 3)

n
[U] = Cia 4)
Using egs 24, the equilibrium constant thus becomes

_ ~lin~ (n—1)n (08
K=n"C,

o ¥

Using eq 5 and the expressions for enthalpy change

dInK] _ AH(T)
aT v RT (63)
AH(T) = AHyj, + AC|(T — Ty)) (6b)

whereAH;, and AC, are changes in the enthalpy and heat
capacity upon unfolding, respectively. By integrating eq 6

from Ty, wherea = 0.5, toT, one has

OnceK(T) is known, thena(T) can be solved numerically
from eq 5, and the excess heat capacity fundito@,[] which

jacketed cell at a rate of 6TC/h over the 36-95 °C range,
using a Neslab RT-11 programmable water bath. Changes
in the structure of STxB because of unfolding were followed
at 225 nm every 2C. Individual STxB melting curves were
fitted to the following equation using a nonlinear least-
squares algorithm:

0=0y1-0)+ 6,0 (9)

wherefy = a; + a;T andfy = b; + b, T represent the mean
values of ellipticity for the native and unfolded conforma-
tions, respectively, obtained by linear regression of pre- and
post-transitional baselines.

Structural Thermodynamic CalculatioriBhe crystal struc-
ture of StxB has been solved at 2.50 A resolutidB) @and
was used here to perform structure-based thermodynamic
calculations to dissect the structural stability of the protein
and to identify the different contributions to the stabilization
of its pentameric structure. The Gibbs free energy change,
AG, related to the molecular recognition process (either
intramolecular, as in the case of monomer folding, or
intermolecular, as in the case of its oligomerization) is
decomposed into intrinsic and ionic components:

AG = AG,,, + AG,

int on

(10)

where AGi; accounts for the contributions associated with
the formation of secondary and tertiary structures (van der
Waals interactions, hydrogen bonding, hydration and con-
formational entropy), and\G;,, accounts for the contribu-
tions to the free energy because of changes in the ionization
states of ionizable groups coupled to the molecular recogni-
tion process.

The calculations as performed here do not include any
protonation-linked effects and are thus only comparable with
the experimentally determined energetics around neutral pH,
whereAG upon pentamer unfolding was seen to contain no
contribution from protonation/ionization:dAG/opH = 0,
see Figure 7).

AGins Was calculated from independent computation of its
enthalpic and entropic componentAG = AH — TAS
following the structural parametrization of the energetics
involved in molecular recognition processes developed by

is simply the temperature derivative of the average excessfreire and co-worker2p—25). Central to these calculations

enthalpy, can be presented as

dAHD  do(T)
meDZ T = TAH:LQ + (XACP (8)

is the value of the heat capacity chang€,, which defines
the temperature dependence A& as well as that of its
componentsAH and AS AC, arises mainly from the
hydration of the protein groups that become exposed to the
solvent upon unfolding and has been shown to scale with

The above equations were used to fit the data and obtainy,e changes in the accessible surface area, ASA, induced by

the best estimates faxH1,, AC,, and Ty
Circular Dichroism. CD spectra in the far-UV range

(190-250 nm) were recorded on a computer-controlled Jasco

J-715 CD spectropolarimeter ugimm 1 mm path length

the molecular recognition proces?2( 23, 29, 30)

AC, = 0.43AASA — 0.2AASA (11)

apolar polar

cuvette. The protein concentration was ca. 0.13 mg/mL. The where the parameters are in units of cai*nol A-%,
spectra reported are averages of four scans and were all Similarly, it has been showr2®, 24) that the enthalpy
background-corrected, smoothed using J-715 noise reductiorchange upon protein unfolding arising from changes in the

software, and converted to mean residue ellipticip](F=

10Me®ond *Ci 1), whereMes = 110 is the mean residue

hydration of protein groups as well as the breaking of internal
noncovalent interactions can be calculated by changes in
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ASA of both polar and apolar groups

AH(60°C) = —8.44AASA oo, T 3LAAASA,,  (12)
where the coefficients are given in units of cal mof 2.
Other contributions to the enthalpy change upon unfolding
(such as proton transfer) must be accounted for if they are
coupled to the unfolding or dissociation proce®g @31), as
is the case of STxB unfolding at pHs both below and above
neutrality (see Figure 7).

The enthalpy change at any other temperature can be

calculated combining egs 11 and 12
AH(T) = AH(60°C) + AC(T — 60) (13)

In the absence of proton-transfer coupled to the folding/
unfolding reaction, the total entropy change upon folding,

Biochemistry, Vol. 42, No. 31, 2003501
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Ficure 2: Partial molar heat capacity of STxB as function of

AY(T), can be assumed to comprise three terms: (i) a solvent-temperature. STxB concentration in 10 mM HEPES (pH 7.0) was

related termAS, associated with changes in hydration
entropy; (ii) the conformational entropy chang&Sons,
accounting for the changes in conformational degrees of
freedom; and (iii) the changes in rotational/translational
degrees of freedom\S; (22)

AS(T) = ASsolv(T) + AS:onf + ASrt (14)

265uM monomers. The broken lines represent the heat capacities
of the native C;V) and unfolded CV) states, respectively, calculated
in accordance with re23.

controversy 86, 37), recent experimental evidencas( 39),

as well as theoretical argumen#)), has indicated that the
loss/gain in rotational and translational entropy is numerically
close to the cratic entropy. Therefore, we also used this

The entropy of solvation can be written in terms of the @pproach to estimate the rotational and translational contribu-
heat capacity change if the temperatures at which the apolartion to the overall entropy change upon pentamer unfolding.

and polar hydration are zerdJ,,= 385.15 K andTg ,, =
335.15 K) are used as reference temperatu2gs32)

AS(T) = ASSoIv,ap+ ASsolv,po(T) = ACp,atpln(_l_,kl’) +

Sa|
T

ACp’pm In(_

Ts,pol

) (15)

Conformational entropy changes upon folding and/or
oligomerization are evaluated by explicitly considering three
different components26, 33)

ASconf = AS)WQX + ASe><—~u + ASob

where AS,—ex IS the gain in conformational entropy of a
side chain when it becomes exposed after disruption of
tertiary and quaternary interactior&S.—y is the entropy
change gained by a surface-exposed side chain when th
peptide backbone itself unfolds, amdls,, is the entropy
gained by the backbone itself upon unfolding.

Finally, AS; takes into account the changes in translationa
and rotational degrees of freedom associated with the reactio
because of the change in the number of particles in solution.
This term seems to be well-accounted for by the cratic
entropy @2), a statistical correction that reflects the mixing
of solute and solvent molecules34), as discussed by
Kauzman 85). The change in mixing entropy for pentamer
dissociation into monomers, uginlk M monomer as the
standard state, is given by

(16)

AS, = AS,, = %(4R |n(§1_4 +5RIn 5) =
3.19 cal K*mol™* (17)

Although the use of cratic entropy to estimate translational
and rotational entropy and its physical basis is matter of

For all the calculations described above, the accessible
surface areas of the StxB pentamer as well as its isolated
monomers were performed using Lee and Richards’ solvent-
accessibility algorithm41), using a probe radius of 1.4 A
and a slice width of 0.25 A.

RESULTS AND DISCUSSION

Differential Scanning CalorimetryThe thermal stability
of STxB was measured by high-sensitivity differential
scanning calorimetry. Figure 2 shows the partial molar heat
capacity function of STxB at pH 7.0 and a protein concentra-
tion of 270 uM (here, STxB concentrations are always
expressed in terms of monomer units). Under the conditions
of this experiment, the thermally induced transition of STxB
occurred at 88.5C and was characterized by an enthalpy
change of 86 kcal mot and a change in the heat capacity

Hf 0.9 keal Kt mol~%. At 25 °C, the heat capacity of the

native state was 2.52- 0.06 kcal K mol! or 0.3284+
0.008 kcal K* g%, which is similar to the mean value of

| 0.34 4 0.005 kecal K* g™* for globular proteins 18, 23).
rfigure 2 also shows that the heat capacities of both native

and unfolded STxB are in good agreement with the values
calculated using a structure-based parametrizadi@n The
similarity of the heat capacity of the unfolded STxB and the
heat capacity expected for an unstructured polypeptide of
the same sequence indicates that the polypeptide chain is
essentially unfolded and hydrated after thermal denaturation.
The reversibility of the thermal denaturation of STxB was
checked by examining the reproducibility of the calorimetric
trace in a second heating of the same sample immediately
after cooling from the first scan. It was observed (Figure 3)
that when the calorimetric scans were interrupted im-
mediately after the transition, the unfolding was fully
reversible, indicating that the calorimetric experiments
reflected equilibrium conditions. However, prolonged incu-
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Table 1: Thermodynamic Parameters for STxB Thermal Unfolding

5 1 at pH 2
g 12 ] AC, AH(80°C) AS(80°C) AG(80°C)
c [STXB] Tm Tiz To° (kcalK™1  (kcal (cal K1 (keal
g 10t @M)” (°C) (°C) (°C) mol™)  mol?Y mol~1) mol~1)
S 8t DSC
> 71.4 84.3 82.7 1049 0.914 82.3 215.8 6.2
g 6 80.0 84.7 83.1 106.0 0.905 82.7 216.0 6.5
¥ 115.1 85.6 83.9 1051 0.831 82.4 216.1 6.1
= 4t 229.2 87.8 86.3 104.7 0.918 81.0 212.4 6.0
L 237.1 88.0 86.4 104.6 0.893 80.1 210.2 5.9
= 2t . 265.0 88.5 87.0 103.2 0.931 80.9 213.1 5.6
Q" ol s ] CD
7 - mll . . 42 765 754 1152 029 86.7 228.0 6.2
60 70 80 90 100 9.1 78.1 76.1 107.6 (%9 80.3 209.2 6.4
. 18.6 80.7 79.6 110.7 (9 80.1 208.6 6.4
Temperature ("C) 255 81.4 80.3 1102 (9 83.7 219.5 6.2
347 823 81.2 108.7 (9 76.1 197.2 6.5

Ficure 3: Demonstration of the reversibility and scan rate
independence of the thermal unfolding of STxB. The figure depicts  * The standard deviation fofm and Ty, values is+0.2 K; the

the excess heat capacity of STXB (Z®1) obtained at scan rate of ~ enthalpy of the unfolding was determined with standard deviation of
1 K min~! (filled and open circles) and 0.34 K mih (open +5%; AC, is the difference between the heat capacities of the native
triangles). The curve labeled by filled circles represents the first and unfolded states obtained from the slope of the graph of the
scan, which was allowed to proceed up to a temperature at whichtemperature-dependence &H(Tm) by pH variation of T, with the

the transition was 95% completed. The curve labeled by open circlesstandard deviation ot0.015 kcal K* mol™. * T, is the temperature

is the second scan of that sample. value at whichAG = AH(T,) + ACKT — To) — T(ASTo) + AG,

In(T/Tg)) = 0. ¢ To fit the CD data, the value akC, was fixed.

16 .

3 14l different protein concentrations in this work, the ratio of the
S: 0 van't Hoff and calorimetric enthalpie&\Hy1/AH) obtained

g [ at a temperature where= 0.5 averaged 1.64 0.07, which

w 10F is reasonably close to the value calculated using the expres-
5 sl sion

E 6 AH

g 4 - AML, = nTl (18)

S cal

Ao 2t |

% which is valid for the situation in which the unfolding of
v 0 - , ) . 1 oligomeric proteins is coupled to their dissociation-unfolded

60 70 80 90 100 monomers 19) (i.e., 1.67 for a pentamer).

The excess heat capacity functions obtained at different
STxB concentrations were fitted individually to the two-state
FiGURE 4: Excess heat capacity of STxB at different protein  fo|ding/unfolding oligomerization model (see lines through

concentrations (115, 229, and 265 from left to right). The ; A ;
continuous lines represent theoretical curves generated with the two-.the data points in Figure 4) according to eq 8. Attempts to

state folding/unfolding coupled to oligomerization model and the include intermediate forms in the fitting procedure did not
best set of fitting parameters obtained by nonlinear least squaresimprove the goodness of the fit, indicating that the two-state

optimization. The thermodynamic parameters corresponding to the model is sufficient to describe the process quantitatively. The
fits are presented in Table 1. highest likelihood values fokH, AS andAC, obtained from
bation of STxB at high temperatures resulted in the appear-fitting procedure are shown in Table 1.
ance of the irreversibility. Thus, incubation of the toxin at ~ CD ExperimentsThe far-UV CD spectra of native and
100°C for longer than 5 min resulted in the preservation of thermally denatured STxB are shown in Figure 5. A5
approximately only 60% of the transitional enthalpy of the the CD spectra are characteristic of @ protein @42), as
preceding scan. Experiments performed at scanning rates oexpected from the crystallographic structure. Upon heating
0.34 aml 1 K min~! gave practically the same denaturation the samples to a temperature above thermal denaturation,
profiles (see also Figure 3), indicating the absence of kinetic the shape of the spectrum changes significantly, becoming
effects under the conditions of our experiments. characteristic of a random coil. Accordingly, the thermal
Owing to the pentameric nature of STxB, the stability of denaturation of the STxB was monitored by following the
the native form is concentration-dependent (Figure 4). This changes in ellipticity at 225 nm since at this wavelength the
figure shows the excess heat capacity functions obtained afterchanges in ellipticity are significant upon heating. In the
subtracting the heat capacity of the native state. It may beinsert of Figure 5 (symbols), the fractional degree of thermal
seen that all transition peaks are skewed toward the low-unfolding of STxB as a function of temperature is shown
temperature side of the transition, as expected for a transitionfor experiments carried out at different protein concentrations.
coupled to dissociation according to edl®)( Consequently,  As in the case of the DSC experiments, a displacement of
the temperature of the midpoint of the transitidn, does the midpoint of the transition was observed as the protein
not coincide with the temperature of the excess heat capacityconcentration increased, indicating that the heat-induced
maximum, Tn,. For the calorimetric contours obtained for conformational change in the protein produced changes in

Temperature (°C)
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e paavesreailF N 1
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% Temperature (°C)
T
T o} . L
""o 0 50 100 150 200 250 300
T N \Leeeeemmmet [STxB] (uM)
10} . Ficure 6: Unfolding transition temperature of STxB as a function
of protein concentration. Open circles represent temperatures at
1 . 1 L L which the rate of change of STxB ellipticity at 225 nm with
190 200 210 220 230 240 250 temperature is maximum, while filled circles represent the tem-
Wavelength (nm) perature of the maximum in the heat capacity curve versus protein
concentration. The continuous line is a logarithmic fit through the
Ficure 5: Far-UV spectra of STxB at 25 and 9%. Inset: data points in accordance to eq 19.

Fractional degree of unfolding of STxB as a function of temperature
monitored by the changes of ellipticity at 225 nm. The experiments hand, the structural stability of the protein decreased above

were performed in 10 mM phosphate buffer (pH 7.0) at five imdicati ; PR
different protein concentrations: 4 (filled circles), 9 (open circles), heutral pH, indicating that the unfolding reaction is coupled

19 (filled squares), 25 (open squares), and 35 (filled trianglk) to_the release of prot(_)_ns ip this_pH range. The Qhange in the
monomers. The continuous lines represent theoretical curvesGibbs energy of stabilization with pH is proportional to the
resulting from the fitting of the individual data sets to the two- number of ionizable groups that become protonated/depro-

state folding/unfolding coupled to oligomerization model. tonated N) upon unfo'ding and can be determined by the

its oligomerization state. The experimental data were ana_thermodynamlc formula:

lyzed as described above, assuming the simple model of a IAG

two-state protein unfolding coupled to oligomer dissociation. o 2.30RTN (20)

The lines through the data points in Figure 5 (insert) are the

result of nonlinear least-squares fitting for individual data According to a simple binding model for protonation/

sets. The thermodynamic parameters obtained from thedeprotonation (see for details 48), the pH dependence of

analysis of the CD experiments are also shown in Table 1.the Gibbs energy change of an unfolding process can be

The magnitudes of the thermodynamic parameters characterwritten as

izing STxB unfolding are similar to those obtained from DSC

experiments, indicating that both techniques were monitoring 1+ 107K — pH

the same process. 1+ 10°% — pH (21)
Concentration Dependence of STxB Stabhility Figure

6, the temperature of the maximum in the heat capacity whereAG® is the value ofAG at the reference pH, anKp

function is plotted versus protein concentration. The continu- and K, are the apparentgof ionizable groups in the native

ous line represents the fit of the concentration dependenceand unfolded states, respectively. The pH dependence of the

of the transition temperature for unfolding coupled to an free-energy change upon STxB unfolding is shown in Figure

associatior-dissociation equilibrium to the following math- 7. Analysis of the data indicates that on average two groups

AG = AG°’ — RTNIn

ematical relationship1@): per monomer become protonated in the acidic range at pH
AH(T 3.5, while two groups per monomer become deprotonated
(T = _1 1 _ in the alkaline range at pH 10 (Figure 7B) upon protein
AYT,) + R(1 In2 Inn . .
Tn n n unfolding. The apparentipof those groups was estimated

1 to be in the order of 4.7 and 9.1 in the unfolded state, and
R(l - ﬁ) In[C,] (19) 2.3 and 10.7 in the native state, indicating that the groups
responsible for the pH dependence of STxB stability are
The fact that theoretical and experimental data are in a goodcarboxylic groups in the acid region, of which the STxB
agreement additionally testifies in favor of the model chosen pentamer has 40 (25 Asp and 15 Glu) and that alkali
for the analysis of STxB denaturation. denaturation is triggered by deprotonation of Lys residues,
pH Dependence of STxB Stabilifyhe pH dependence of  most probably Lys13 (Figure 1).
the structural stability of STxB was examined by both DSC  Gdn-HCI Dependence of STxB Stability at Z5. The
and CD techniques. Increasing the pH of the solution from Gdn-HCI dependence of STxB stability was measured by
2.5 to 5 increased the conformational stability of StxB (as monitoring CD ellipticity at 225 nm (Figure 8). The
measured by itAG upon unfolding) from 7.5 to 13 kcal/  experimental data obtained at constant temperature 8€25
mol, indicating that the unfolding reaction is coupled to an and at pH 7 were fitted to the same two-state folding/
increase in the protonation state of the molecule. On the otherunfolding oligomerization model that was used to fit the heat-
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14 T T T T Table 2: Dissection of Folding Energetics of STxB Pentamer at 25
— and 80°C?
s 13F E -
£ oligomer-
S 12f 1 MONOMer jzation global
5 folding 1 1
E 1 1 o T ‘E, -~ —| -— |
5 parameter U=N - N=gNs U-gNs
5 10 AASAL,(A2) —3699.7 —778.2  —4477.9
E ol ] AASAL (A2) —2536.8 —421.8 —2958.6
= AC, (cal K mol™?) —1005.3 —240.6 —1245.9
S st AH (kcal mol?, 25°C) -13.2 1.7 -115
< ASeont (cal K- mol=1) —401.8 -22.9 —424.7
9 7t 1 AS,oy (cal K-t mol, 25°C) 349.1 76.8 425.9
250 H—— t t t t t t ] ASq (cal K" mol?) 0.0 -3.2 -3.2
’ ASotar (cal K™t mol™, 25°C) —52.6 50.7 -1.9
201 B —TASor (kcal mol?, 25°C) 15.7 -15.1 0.6
15[ ] AGral (kcal mol, 25°C) 25 -13.4 -10.9
AH (kcal mof1, 80°C) —68.5 -11.5 —80.0
101 1 ASeon (cal K- mol?) —401.8  —22.9  —424.7
0.5} 1 AS,oy (cal K-t mol-, 80°C) 178.9 36.1 215.0
Z o0 AS: (cal K1 mol™?) 0.0 -3.2 -3.2
< ASotar (cal K™ mol™, 80°C) —222.8 10.0 —212.8
-0.5¢ 1 —TASeta (kcal mol, 80°C) 78.7 -35 75.2
10k - AGiotal (kcal mol?, 80°C) 10.2 -15.0 —-4.8
15k 4 a2 Thermodynamic parameters and ASA values are reported per
20k monomer. The native conformation is the reference state.

2 3 4 5 6 7 8 9 10 11
pH whereAG(H.0) is the Gibbs energy change in the absence
FouRe 7: (A) pH dependence of Gibbs energy change as of denaturant, anan is a measure of the obs_erved linear
determined by DSC (filled circles) and CD (open circles). The fitted dependence. QI&G on the .Gnd_HCl concentration. .
curve (eq 21) was generated with= 2, pK, = 4.7, and g = As shown in Figure 8, this model offers a good explanation
2.3 for the pH region from 257 and withN = 2, pK, = 9.1, and of the Gnd-HCI denaturation data. Thevalue is 3.1+ 0.1
pKq = 10.7 for the pH region from 7 to 11. (B) Proton flikwas kcal mol* [Gnd-HCI] ™ (i.e., close to that observed for other
involved in unfolding of STxB as a function of pH. The curve was  proteins of similar molecular weigh#¥§)). The conformation
gﬁ:z:gsﬁlgyeguzrrclfncal differentiation of the data shown in panel A stability of the protein AG(H,0), at 25°C is 13.0+ 0.1
kcal mol?, in close agreement with th&G value extrapo-
T T T T T T T lated from the thermodynamic parameters obtained from the
heat-induced unfolding experiments monitored by CD and
DSC.

Therefore, the results of both the chemical and the thermal
denaturation experiments are in agreement with a two-state
model in which the population of folded monomers through-
out the transition is negligible, and only pentamers and
unfolded monomers are significantly populated.

Structure-Based Dissection of the Structural Stability of
STxB.Taking the crystal structure of STxB solved at 2.50
8f o A - A resolution (5) as a template, we carried out structure-

based thermodynamic calculations using the methodology
00 05 10 15 20 25 30 35 developed by Freire et al., as briefly explained in the
[GUHCI] (mol) Materials and Methods._The main reason for performing such
Ficure 8: Ellipticity of the STxB at 225 nm as a function of the Calctulatlonfs l(\j/yas .th)[ dtlsseé:.tff the tove;glll gnerggtlcst Lpon
: . s . pentamer folding into the different enthalpic and entropic
Gdn-HCI concentration. STxB was equilibrated in 10 mM phos- components, as well as to analyze the energetic contributions

phate buffer, pH 7.0, plus Gdn-HCI for 3®0 min at 25°C, the | . . . .
establishment of equilibrium conditions being confirmed by mea- €oming from intramolecular and intermolecular interactions

suring the rate of equilibration. Aliquots were refolded aftéh to (i.e., isolated monomer stability as opposed to the oligomer-
check for reversibility, which was more than 90%. The continuous zation of folded monomers).
line is the best fit using the two-state folding/unfolding coupled  tap1e 2 summarizes the results of the structural thermo-
oligomerization model. - . .
dynamic calculations. The thermodynamic parameters pre-
dicted by the structure-based calculations are in good
. agreement with the experimental ones (see Table 1) at 80
and CD data. In th|§ case, the depeqdence&@f on th? °C. The concentration-independent enthalpy, entropy, and
Gdn-HCI qoncentratlon was analyzed in terms of the linear free energy changes upon the folding of isolated STxB
extrapolation method4é) monomers into their pentameric structure are predicted to
be —80 kcal molt, —212.8 cal K* mol™%, and—4.8 kcal
AG = AG(H,0) — mGnd-HCl] (22) mol~1, respectively, in close agreement with the experimental

10° [6],5,,, (deg cm’ dmol)

induced unfolding of the protein monitored using both DSC
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values determined for the reverse reaction (unfolding of pentamer unfolds cooperatively into unfolded monomers.
STxB pentamer). Under all conditions studied, the concentration of intermedi-

These calculations reveal that in agreement with the ate species could not be detected calorimetrically. Also, the
experimental results reported above, isolated folded mono-CD data are consistent with the presence of only two
mers are not energetically favorable, and consequently theirsignificantly populated states.

population is negligible in the-8100°C temperature range. Structure-based thermodynamic calculations of the ther-
At 25 °C, the favorable enthalpic contribution to the free modynamic parameters of STxB unfolding yield&, AH,
energy change upon isolated monomer foldind 8.2 kcal and AC, values that are in general agreement with the

mol~?) is overcome by the large and unfavorable entropic experimental values. The lack of stability of isolated
contribution < TAS= 15.7 kcal mot?), which justifies the monomers appears to be due to the absence of tight van der
endergonic nature of the folding reactionG = 2.5 kcal Waals contacts and the burial of a significant part of the
mol~1) and therefore explains the intrinsic instability of the surface from the solvent. The results obtained with STxB
monomeric structure. Furthermore, the entropic penalty emphasize the dominating role of quaternary interactions in
coming from the reduction in conformational freedom upon the stabilization of small oligomeric proteindg—48).
monomer folding £401.8 cal K* mol) is not compensated
by the gain in solvent entropy induced by dehydration of ACKNOWLEDGMENT
solvent-accessible protein groups in the unfolded monomer
folding (349.1 cal K* mol™?). Itis thus possible to rationalize . . . oo
the conformational instability of isolated STxB monomers plutense de Madrid, Spam, for CD expenmer_nal faC|!|t|es,

; Dr. J. M. Sanchez-Ruiz from Granada University, Spain, for
as being due to exposure to the solvent of a large amount Ofvaluable sudgestions: Drs. A. Saint-Pol and C. Lamaze from
apolar groups that only become buried upon oligomerization. - Sugges P . c

. . . the Institut Curie, Paris, for fruitful discussions; and L.
Although the formation of a substantial hydrophobic core Cabanie for technical assistance
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